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1 Introduction
From the experimental point of view the world of “elementary particles” consists in:
the leptons: they have spin 1
2
and come in three doublets, (e−, νe) the electron and its associated
neutrino, (µ−, νµ) the muon and its neutrino, (τ−, ντ ) the tau and its neutrino.
the vector bosons: they have spin 1 and there is a massless boson, the photon, and three
massive ones, the W+, W− and the Z.
the hadrons: one distinguishes the mesons of integer spin (S = 0, 1, . . .) from the baryons of
half-integer spin (S = 1
2
, 3
2
, . . .).
The leptons and the vector bosons are structureless down to a scale of about 10−3 to 10−4
fermi, i.e. 10−18 to 10−19 m according to the most recent experimental results and they are
treated as elementary fields appearing in lagrangians which describe the dynamics of their
interactions. One the other hand, the hadrons have been known for a long time to have a
finite size (typically of the order of 1 fm) and there exist so many hadrons (about 150 mesons
and 120 baryons) that they cannot be considered as elementary.
Three types of forces have been identified which describe the dynamics of particles: the strong
force which affects only the hadrons, and the electromagnetic and weak forces.
The basic principle which guides the construction of models of particle physics is that of
local gauge invariance according to which the physical properties do not depend on the phases
of the fields. The Standard Model is a (highly successful) example of a minimal model based
on the local gauge group
SU(3)⊗ SU(2)L ⊗ U(1)Y
i.e. the direct product of three simple groups. The dynamical consequences of this local
gauge invariance are presented in more details in the next sections. We just state now the
main features of each of these groups.
− The SU(3) gauge group or colour group is the symmetry group of strong interactions.
This group acts on the quarks which are the elementary constituents of matter and the inter-
action force is mediated by the gluons which are the gauge bosons of the group. The quarks
and the gluons are coloured fields. The “coupling” (fine structure constant) between quarks
and gluons is denoted by αs which can be ≥ 1. Under some conditions, however, αs is very
small and perturbation theory applies. The SU(3) colour symmetry is exact and consequently
the gluons are massless. The theory of strong interactions based on colour SU(3) is called
Quantum Chromodynamics.
− The SU(2)L ⊗ U(1)Y is the gauge group of the unified weak and electromagnetic inter-
actions, where SU(2)L is the weak isospin group, acting on left-handed fermions, and U(1)Y
is the hypercharge group. At “low” energy (M < 250 GeV) the SU(2)L ⊗ U(1)Y symmetry
is “spontaneously” broken and the residual group is U(1)emg whose generator is a linear com-
bination of the U(1)Y generator and a generator of SU(2)L: the corresponding gauge boson
is of course the photon and the associated “coupling” is α ≃ 1
137
. Symmetry breaking implies
that the other gauge bosons acquire a mass: they are the heavy W±, Z bosons dicovered at
CERN in the mid ’80’s. The symmetry breaking mechanism is associated to the names of
Brout, Englert, Higgs and Kibble, but, for some reasons, it is often simply referred to as the
Higgs mechanism. The electro-weak theory, based on spontaneously broken SU(2)L ⊗ U(1)Y
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gauge invariance, is knowned as the Glashow-Salam-Weinberg (GSW) model.
We discuss first the hadronic world and Quantum Chromodynamics (QCD). In a second
part, we study the electro-weak force and the Glashow-Salam-Weinberg model.
2 Quantum Chromodynamics
The quark model was introduced more than 30 years ago to describe the hadrons and we know
now that six quarks are necessary, i.e. the quarks come in six flavours denoted qa = u, d, s, c, b, t
for quark up, down, strange, charm, bottom and top. Like the leptons, the quarks are point-
like, spin = 1
2
fields so that assuming a baryon is made up of 3 quarks, B = (qaqbqc), and a
meson is made up of a quark-antiquark pair, M = (qaqb), one obtains integer spins for the
mesons and half-integer spin for baryons if account is taken of the relative orbital angular
momentum of the quarks in the hadrons. The quarks d, s, b have charge −1
3
and the quarks
u, c, t have charge 2
3
so that hadrons have only integral charges. The problem is that a good
description of the mass spectrum is obtained in the quark model with a baryonic wave function
which is symmetrical under interchange of, e.g., qa ↔ qb: this violates Fermi statistics. This
problem can be cured if we introduce a new quantum number, the colour, and assume that
each quark flavour comes in three colours:
(qa)
T
= (q1a, q
2
a, q
3
a) with 1, 2, 3 the colour indices. (1)
The baryon wave function is then assumed to be totally antisymmetric under colour inter-
change,
B =
∑
ijk
(qiaq
j
bq
k
c ), (2)
and the meson wave function is constructed as
M =
∑
i
(qiaq
i
b). (3)
One introduces a group of transformation in colour space, (qa) → (q′a) = U(qa) where (qa)
is written as a column vector and U is a 3 × 3 matrix. In agreement with all experimental
constraints, the group is chosen to be SU(3), so that hadronic wave functions are colour
singlets (1), i.e. they are invariant under the action of the group. It is postulated that
only colour 1 states are observable which, in agreement with data, excludes physical states
of type (qaqb) or (qaqbqc) (this rules out colour groups such as O(3) or SO(3) for which such
unobserved states can also be 1 , but does not rule out U(3) which will be discarded below
on dynamical grounds). The colour hypothesis is further supported by the data on the rate
of decay of π0 → γγ (via a quark loop) as well as the rate of hadron production in the high
energy e+e− annihilation reactions (via the process e+e− → qiaqia).
From now on we will take the quarks as the basic degrees of freedom of the hadronic world.
Since quarks are confined into hadrons (no free quark observed!) one needs a dynamical
mechanism to glue the quarks together. To introduce such a force one proceeds by analogy
with Quantum Electrodynamics (QED) and one makes the colour symmetry a local gauge
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symmetry. To enforce the invariance of the Lagrangian under a local SU(3) transformation,
it is necessary to introduce eight coloured vector fields which are in QCD the analogous of the
photon in QED. In more details, the free fermion Lagrangian for one quark field of a given
flavour is
L = ψ¯(i 6∂ −m)ψ = ψ¯1(i 6∂ −m)ψ1 + ψ¯2(i 6∂ −m)ψ2 + ψ¯3(i 6∂ −m)ψ3
where ψ is a column vector, each coloured component of which is a Dirac spinor, ψ
T
=
(ψ1
T
, ψ2
T
, ψ3
T
), ψ belonging to the 3 (triplet) representation of SU(3). A local gauge trans-
formation acting on the fundamental 3 representation is parameterised by
U = eig
∑
a
αa(x)Ta ,
with g the coupling. The Ta’s are the eight 3 × 3 matrices generators of the group, and the
αa(x)’s are eight arbitrary real parameters depending on space-time coordinates. The Ta’s are
traceless, hermitian and satisfy the commutation relations [Ta, Tb] = ifabcTc, with fabc totally
antisymetric and real. A gauge transformation acting on ψ amounts to a locally dependent
change of phase and for an infinitesimal transformation one has
δψ = igαaT
aψ, δ∂µψ = igαaT
a∂µψ + ig(∂µαa)T
aψ,
The Lagrangian is not gauge invariant since its variation is
δL = ψ¯ {−g(∂µαa)T aγµ}ψ. (4)
To regain invariance, it is sufficient to introduce 8 vector fields Abµ(x) transforming as
δAcµ = ∂µα
c − f cabαaAbµ.
and consider the lagrangian density
L = ψ¯
(
i(∂µ − igAbµ(x)T b)γµ −m
)
ψ, b = 1, . . . , 8. (5)
To make the “gauge bosons” dynamical degrees of freedom one constructs the anti-symmetric
stress-energy tensor
F aµν = ∂µA
a
ν − ∂νAaµ + gfabcAbµAcν (6)
and by analogy with QED the “gauge boson” kinetic term is proportional to the gauge invari-
ant quantity F aµνF
aµν . The QCD lagrangian density takes then the form
LQCD = −1
4
F aµνF
aµν + ψ¯
(
i(∂µ − igAaµT a)γµ −m
)
ψ (7)
where summation over repeated indices is assumed. Gauge invariance excludes mass terms
of the form m2
A
AaµA
aµ so that the gauge bosons are massless and induce long distance forces.
We remark at this point that if U(3) had been chosen as the gauge group one would have
a ninth massless gauge boson, which would be coulourless (associated to the 1 generator).
This would induce long distance strong interactions between hadrons in contradiction with
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experiments which tell us that the nuclear force is short-range ∼ 1
mpi
. A crucial difference
between Chromodynamics and Electrodynamics is the existence of self-couplings of the gluons.
This is a consequence of the non-abelian nature of the colour group which imposes the term
linear in fabc in eq. (6) and leads to three-gluon and four-gluon couplings, proportional to g
and g2 respectively, via the kinetic term F aµνF
aµν in eq. (7). The consequences of this fact
are crucial and justify the use of the perturbative approach to study hadronic interactions at
high energies as we are now going to discuss qualitatively.
When calculating higher order diagrams in field theories like QED or QCD one encounters
“ultraviolet” divergences, i.e. divergences at very high energies or equivalently at very short
distances, related to the point-like structure of fields and the local nature of interactions. To
give a meaning to the perturbative expansion one needs to carry out the procedure of “renor-
malisation” and redefine (renormalize) all the parameters appearing in the “bare” Lagrangian
eq. (7) by fixing their values at some arbitrary point in momentum space. Expressed in
terms of the renormalized parameters the perturbative series has finite coefficients. Applied
to quark-quark scattering, the matrix element-squared, i.e. up to a flux factor the differential
cross section, in the one-loop approximation (see figure)
=AA
AA
q→
q1 q2
2q’1 q’2
+ +  ...
2
+ + +
keeps essentially the same form as at the zeroth order approximation namely
|Mq1q2→q′1q′2 |2 ≡ αs(q2)|u¯(q′2)γµu(q2)
1
q2
u¯(q′1)γ
µu(q1)|2, (8)
the main difference with the lowest order result being that the coupling constant, αs(q
2) =
g2(q2)/4π, is running in the sense that it depends on the momentum scale q2 charateristic of
the process under consideration. More precisely, the calculation leads to
αs(q
2) =
αs(µ
2
0)
1 +
(11Nc−2NF )
12pi
αs(µ
2
0) ln(
−q2
µ2
0
)
(9)
where αs(µ
2
0) is the renormalised coupling at an arbitrary energy scale µ0 and q
2 is the mo-
mentum transfer of the scattering process. Nc = 3 is the number of colours and NF is the
number of active flavours . Since for QCD the combination (11Nc − 2NF ) is positive the
theory predicts that for large momentum transfers and therefore large energy the effective
QCD coupling decreases and vanishes at asymptotically high energies: this is called asymp-
totic freedom. The smallness of the strong interaction coupling constant at high energies
justifies the use of perturbation theory in the study of particle physics processes in particular
at the colliders such as those of FERMILAB (proton-antiproton collisions at 1.8 TeV), HERA
4
(electron-proton collisions at about 300 GeV) or for hadronic proccesses in e+e− collisions at
LEP from 90 GeV to 190 GeV. On the other hand, at very low energy, the strong interaction
coupling is increasing as the energy decreases and becomes so large as to hopefully lead to
the confinement of quarks and gluons into hadrons at the scale of roughly 1 GeV. Of course,
perturbation theory is not applicable then and this domain is studied using lattice gauge
methods. The non-abelian nature of QCD is crucial to obtain aymptotic freedom as for an
abelian theory one would have Nc = 0 and the effective coupling would be rising with energy
exactly as it is the case for QED.
The property of asymptotic freedom is not sufficient in itself for perturbation theory to
be useful in the study of hadronic collisions at high energies. A crucial property of QCD is
contained in the “factorisation theorem” which states that the interaction between hadrons at
high energies is factorised into a non-perturbative part which contains the information about
the distribution of partons (quarks and gluons) into the hadrons and a perturbative, calculable
part which describes the interaction between the partons at short distance. This is illustrated
in the following picture
H1
H2
x1
x2
pi
pj
pk
pl
σij^
and made quantitative in the equation giving the generic form of a scattering cross section
between two hadrons
dσH1H2 =
∑
i,j
∫
dx1 dx2 F
H1
i (x1,M) F
H2
j (x2,M)[
σˆij + αs(M) σˆ
(1)
ij + α
2
s(M)σˆ
(2)
ij ...
]
. (10)
The structure function (or parton density) FHi (x) is related to the probability of finding,
in hadron H, a parton of type i carrying a fraction x of the hadron momentum. The x
dependence of FHi (x) is not calculable in perturbative QCD. The series in square brackets
is the cross section for parton-parton scattering at the energy scale M (or distance 1/M)
charateristic of the process under consideration. It is the part of the cross section which is
calculable provided M is large enough so that αs(M) is small. The theory also predicts the
scale M dependence (scaling violations) of the structure functions.
Such cross section have been calculated for most relevant processes up to the second term in
the series and sometimes up to the third term. A sustained theoretical effort is going on to
resum to all orders large contributions which may appear in the coefficients σˆ
(n)
ij .
Experimentally there has been for a long time evidence for gluons. Already in the early
deep-inelastic experiments, where one studies the scattering of electrons off protons at large
5
momentum transfers, it was possible to measure the amount of momentum carried by the
charged constituents of the proton (since the virtual photon exchanged between the electron
and the proton couples only to charged fields). It was found that charged constituents (the
quarks) carry only about half of the momentum of the proton, the rest being carried by
neutral fields (the gluons?) assumed to bind the quarks together into the hadron. Later on,
with the advent of very high energy colliders it became possible to “visualise” quarks and
gluons as highly concentrated deposits of energy, called “jets” in hadronic calorimeters: these
jets fit with the interpretation of being the hadronic decays of quarks and gluons produced
at large momentum transfers. Perturbative Quantum Chromodynamics has been tested on
many different observables, the most spectacular of which is probably the jet production cross
section as a function of the jet transverse momentum in proton-antiproton collisions where
experiment and theory agree over ten orders of magnitude.
For further details one may consult refs. [1]-[6]. For an up-to-date status of QCD phe-
nomenological studies see ref. [7].
3 The Glashow-Salam-Weinberg model
Before entering the description of the unified theory of electro-weak interactions, based on
broken gauge invariance, it is useful to briefly review the Fermi theory of weak interactions
and its phenomenological extensions: this will serve to motivate the choice of the gauge group
SU(2)L ⊗ U(1)Y as well as illustrate the problems related to the presence of massive gauge
bosons.
3.1 The Fermi theory and its extensions
At the beginning was the Fermi theory of neutron decay
n→ p e− νe
(equivalently in the quark model, d quark decay d→ u e− νe) and muon decay
µ− → e− νe νµ.
These transitions were described by a local current-current (4 fermion) interaction parame-
terised by the Lagrangian
L = G√
2
J†α(x)J
α(x).
The current has a leptonic part and a hadronic part, Jα(x) = lα(x) + hα(x),
lα(x) = ψ¯eγα(1− γ5)ψνe + ψ¯µγα(1− γ5)ψνµ + · · · (11)
hα(x) = ψ¯uγα(1− γ5)ψd + ψ¯cγα(1− γ5)ψs + · · · . (12)
The particular V −A (vector−axial) form of the current, γα(1−γ5), is dictated by experiment,
in particular the angular distribution of the decay products. It means that (for massless fields)
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only left-handed quarks or leptons ψ
L
= (1 − γ5)ψ/2 are sensitive to the weak interactions.
The Fermi constant G is universal, i.e. it is the same for the hadronic sector and the leptonic
sector and its value has been measured to be
G = 1.6639(2)10−5 GeV−2. (13)
The transition matrix element for µ decay is
M = G√
2
(ψ¯eγα(1− γ5)ψνe)(ψ¯µγα(1− γ5)ψνµ)† (14)
which also describes, by crossing symmetry, the scattering process
µ− νe → e− νµ (15)
at the invariant energy squared s = (pνe+pµ)
2. The total cross section for the latter process is
then found to be σ ∼ G2s. This result could have easily been guessed on dimensional grounds
since s is the only relevant scale of the problem besides the Fermi coupling G. However such
a rapid rise of the cross section with energy cannot be asymptotically true as it violates the
famous Froissart-Martin unitarity bound which requires σ ≤ ln2 s as s → ∞. The problem
is related to the locality of the current-current interaction. To improve the situation one
introduces a massive charged particle to mediate the interaction between the two left-handed
currents. It must be a vector particle because of the γα coupling in eq. (12). Denoting MW
the mass of this particle and g
W
its dimensionless coupling to the currents, the matrix element
eq. (14) becomes
M = g2
W
(ψ¯eγα(1− γ5)ψνe)
gαβ − qαqβ
M2
W
q2 −M2
W
(ψ¯µγβ(1− γ5)ψνµ)† (16)
where q2 is the momentum transfer of the reaction. At low q2 or s (s ≪ M2
W
) one exactly
recovers the Fermi model provided one chooses
M2
W
=
√
2
g2
W
G
(17)
while at high energies the total cross section is well behaved since it is easily derived that
σ ∼ g
4
M2
W
s
s+M2
W
, s≫M2
W
. (18)
It is useful at this point to comment on the differences between massless and massive vector
bosons concerning the polarisation states. It is well known that a massless vector particle of
momentum qµ = (q0, 0, 0, |q0|), say, has two transverse polarisation (states) vectors which can
be parameterised as
εµ
T
= (0, 1, 0, 0) and (0, 0, 1, 0) (19)
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whereas a massive vector particle of momentum qµ = (q0, 0, 0,
√
q20 −M2W ) has, besides the
two transverse polarisations, a longitudinal one
εµ
L
=
1
M
W
(
√
q20 −M2W , 0, 0, q0) ∼
qµ
M
W
+O(MW
q0
) (20)
where the rightmost form is asymptotically valid (|q0| ≫MW ). IfW± is a real particle it should
be produced in reactions such as e+ e− → W+ W− or, less realistically, in νe νe → W+ W−.
Considering the latter reaction, the amplitude of which is given by only one Feynman diagram
(a)
e
νe
(b)
E
(c)
W+
W-
Z
Figure 1: Possible Feynman diagrams for νeν¯e → W+W− scattering. (a): e exchange; (b)
hypothetical heavy electron E exchange; (c) neutral vector boson Z exchange.
with the exchange of an electron (fig. 1a), we find the following results for the production of
W± in transverse and longitudinal polarisation states respectively:
σ(νν¯ → W+T W−T ) ∼ constant
σ(νν¯ → W+LW−L ) ∼
g2
W
M2
W
s (21)
The origin of the last expression can be understood if one recalls that the corresponding matrix
element is asymptotically
Mµν εµL(q)ενL(q′) ∼Mµν
qµ
M
W
q′ν
M
W
(22)
leading to the appearence of factors of s in the numerator. We thus find that the production
of longitudinally polarised vector bosons violates the unitarity limit while that of transverse
bosons is well behaved at high energies. Several ways have been tried to cure this problem:
among them one can mention the hypothesis of a new heavy lepton (fig. 1b) and choose its
couplings to enforce a proper behaviour of the cross section at high energies. It turns out
that another possibility, namely that of a heavy neutral vector boson (fig. 1c), is realised in
Nature. Assuming the most general couplings (g
Z
γµ(a− bγ5), g′Z(pW+ + pW− )µ), they can be
chosen to make cross sections such as ν e→ Z W , e+ e− →W+ W−, · · · asymptotically well
behaved. However, this “bricolage” is not yet sufficient to have a satisfactory model. Indeed
considering e+ e− → Z Z scattering and keeping in principle small terms proportional to
the mass of the electron, one finds an interference piece in the cross section ∼ g4me
√
s/M4
Z
which again violates unitarity! Similar problems arise in the W W scattering process, e.g.
W+ W− → W+ W− which hopefully will be studied at LHC or in the future e+e− high energy
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linear colliders: the cross sections for these processes diverge linearly in s. These problems
can be solved by supposing the existence of a scalar particle which interacts with the bosons
as well as the fermions with appropriately chosen couplings.
One can thus construct a viable electro-weak theory in the pedestrian way described above,
carefully choosing masses and couplings of the newly introduced particles so as to ensure the
correct behaviour of all cross sections. It is more instructive however to assume that these
relations among masses and couplings arise from some hidden symmetry property. This is
what we are going to do next. First we describe in some details the symmetry group assuming
local gauge invariance. At this level, the chosen group requires all fields to be massless. The
theory is renormalisable (well behaved at asymptotic energies) being a non-abelian field theory.
Then, by the mechanism of “spontaneous symmetry breaking” whereby the symmetry of the
lagrangian is preserved but the choice of a ground state breaks the symmetry, fermions and
gauge bosons acquire a mass. After symmetry breaking, the theory remains renormalisable
as a consequence of the underlying gauge invariance which imposes the required relations
between couplings. One is left however with a large number of parameters (at least 19 for
the Standard Model) which gives a motivation for a (still unsuccesful!) search of a deeper
symmetry.
3.2 The SU(2)L gauge invariance
As discussed above, the weak interactions induce a transition between fermions of different
charges. It is then natural to group fermions into doublets(
νe
e−
)
,
(
νµ
µ−
)
,
(
ντ
τ−
)
︸ ︷︷ ︸
leptons
;
(
u
d
)
,
(
c
s
)
,
(
t
b
)
︸ ︷︷ ︸
quarks
(23)
Because of the γα(1−γ5) form of the weak current, we have to distinguish between left-handed
fermions which are sensitive to the weak interactions and the right handed part which are not.
Therefore, each fermion field is decomposed as
ψ =
1− γ
5
2
ψ +
1 + γ5
2
ψ = ψ
L
+ ψ
R
, (24)
where ψ
L
(resp. ψ
R
) is identified as the left (resp. right) component when mψ = 0. We
introduce the left handed doublets:
ψeL =
(
νe
e
L
)
, · · · ψqL =
(
u
L
d
L
)
, · · · , (25)
and the right-handed singlets ψeR = eR, · · · , ψqR = qR , · · ·. The free massless fermion la-
grangian is then written
− iLF = ψ¯e
L
6∂ ψeL + · · ·+ ψ¯qL 6∂ ψqL + · · ·+ ψ¯eR 6∂ ψeR + · · ·+ ψ¯qR 6∂ ψqR + · · ·
= LFL + LFR. (26)
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We impose now a local SU(2) gauge invariance to the left handed part of the lagrangian, i.e.
we impose δLFL = 0 under the changes of phase
δψ
L
= ig
(
~τ
2
· ~α(x)
)
ψ
L
, δψ¯
L
= −ig ψ¯
L
(
~τ
2
· ~α(x)
)
(27)
where the 2× 2 Pauli matrices ~τ = (τ1, τ2, τ3) satisfy the algebra[
τi
2
,
τj
2
]
= i ǫijk
τk
2
. (28)
As for the SU(3) local invariance studied above, one has to introduce a multiplet of gauge
vector fields ~W µ(x) = (W µ1 (x),W
µ
2 (x),W
µ
3 (x)) transforming as
δ W µi (x) = ∂
µαi(x)− ǫijkαi(x) W µk (x) (29)
with ~α(x) = (α1(x), α2(x), α3(x)) three real parameters. The locally SU(2) gauge invariant
left-handed lagrangian becomes then
LFL = −
1
4
F µνi (x)Fiµν (x) + ψ¯Li
(
∂µ − ig~τ
2
· ~W µ(x)
)
γµψL + other fermions. (30)
where the antisymmetric tensor F µνi (x) is
F µνi (x) = ∂
µW νi (x)− ∂νW µi (x) + g ǫijk W µj (x)W νk (x). (31)
(see eqs. (7), (6). We note at this point the perfect analogy between the construction of the
“weak” lagrangian with that of QCD: the differences are in the choice of group which requires
here only three vector bosons while for SU(3) symmetry eight bosons had to be introduced.
Also, the weak group acts only on the left handed components of the fields and consequently
theW µi (x) gauge bosons do not couple to the right handed fermion components. This is called
the weak isospin group and is denoted SU(2)L. The left handed fermion have isospin t = 1/2
and the third component (eigenvalue of t3 =
τ3
2
) is +1/2 for νe, uL, ... and −1/2 for eL , dL. The
right-handed components have of course isospin t = 0. We assume there are no right-handed
neutrinos. Defining the charged fields W±µ(x) = (W µ1 ∓ iW µ2 )/
√
2 these two bosons will of
course be identified with the charged bosons introduced in the phenomenological discussion
above. One can read off their interaction term with the fermions from eq. (30) and one finds
the familiar (V −A) coupling −i g√
2
ν¯eγ
µe−
L
W+µ and similarly for other fermion doublets (note
the relation g/2
√
2 = g
W
of eq. (16)). However W 3µ cannot be the photon nor the Z boson
since it also couples via (V − A) in disagreement with data. Anyhow, since we need a fourth
vector boson we introduce a new abelian local invariance and the point is to show that, by
an astute choice of the associated charge, one can reconstruct the physical couplings. Before
doing this let us remark the three and four boson self-interaction terms buried into the Fi ·Fi
term in the lagrangian density eq. (30) above.
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3.3 The U(1)Y gauge invariance
The SU(2)L gauge invariance leads to a conserved current: for example for the electron sector
it is
Jµ3 (x) =
1
2
ψ¯eLγµτ3ψeL =
1
2
[ν¯γµν − e¯LγµeL]. (32)
On the other hand, we know that the electromagnetic current is conserved
Jµemg(x) = eel e¯γµe = eel [e¯LγµeL + e¯RγµeR ], (33)
where eel is the electron charge expressed in units of the proton charge (eel = −1). The
combination Jµemg(x)−Jµ3 (x) must then necessarily be conserved. Denoting it the hypercharge
current we define
JµY (x)
2
≡ Jµemg(x)− Jµ3 (x) = −
1
2
ψ¯eLγµψeL − e¯RγµeR (34)
where we recall the definition of the spinor doublet ψeL in eq. (25). Therefore the hypercharge
Yel
2
= eel − (t3)el is conserved and its value can be immediately read off from eq. (34).
One finds the following assignements: −1 for the left-handed doublet and −2 for the right-
handed electron partner. The above relation is a particular example of the famous Gell-
Mann/Nishijima formula
Y
2
= Q− T3 (35)
which gives the hypercharge in terms of the electric charge and the isopin of the field. As-
sociated to this conserved hypercharge we introduce a local abelian gauge symmetry denoted
U(1)Y to which is associated a new gauge boson Bµ(x). The action of this transformation on
the fermion fields is:
δψ
L
= ig′ yψ
L
β(x) ψ
L
, δψ
R
= ig′ yψ
R
β(x) ψ
R
(36)
with g′ the associated coupling constant and the hypercharge values of the Bµ(x) field couplings
to the fermions are listed in the following table.
t t3 Y Q
νe 1/2 1/2 −1 0
e
L
1/2 −1/2 −1 −1
e
R
0 0 −2 −1
u
L
1/2 1/2 1/3 2/3
d
L
1/2 −1/2 1/3 −1/3
u
R
0 0 4/3 2/3
d
R
0 0 −2/3 −1/3
(37)
In summary, the initial free lagrangian eq. (26), becomes after imposing a SU(2) local sym-
metry on the left-handed fields eq. (25) and an appropriate U(1) invariance on both the
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left-handed fields and a right-handed ones,
L = LG + LF
= −1
4
F µνi (x) F
µν
i (x)−
1
4
Gµν(x) Gµν(x)
+ ψ¯eL i 6DL ψeL + ψ¯qL i 6DL ψqL +
+ e¯
R
i 6D
R
e
R
+ u¯
R
i 6D
R
u
R
+ d¯
R
i 6D
R
d
R
(38)
where only the electron and (u, d) quark families have been specified. The left covariant
derivative acting on the field ψ
L
is
DµL = ∂
µ − i g ~τ
2
· ~W µ − i g′ yψ
L
Bµ (39)
and the right covariant derivative acting on field ψ
R
DµR = ∂
µ − i g′ yψ
R
Bµ. (40)
The kinetic term of the gauge fields are constructed from
Gµν(x) = ∂µBν(x)− ∂νBµ(x) (abelian field)
F µνi (x) = ∂
µW µi (x)− ∂νW νi (x) + g ǫijk W µj (x) W νk (x). (41)
It is important to point out that SU(2)L ⊗ U(1)Y invariance imposes that all fermions are
massless. Indeed a fermion mass term in the lagrangian would have the form
Lmass = m ψ¯ψ = m(ψ¯LψR + ψ¯RψL). (42)
But since ψ
L
is a doublet and ψ¯
R
a singlet under SU(2), the mass term cannot be invariant
under a gauge transformation!
It is clear from eq. (34) that the physical fields of the photon will be a linear combination
of W 3µ and the gauge boson Bµ associated to the hypercharge group. Introducing the fields
Aµ and Zµ such that
Bµ = cos θ
W
Aµ − sin θ
W
Zµ
W µ3 = sin θW A
µ + cos θ
W
Zµ, (43)
with θ
W
an adjustable parameter, we re-express the relevant pieces of the lagrangian. Writing
out explicitely the result for the quark sector we find
L =
(u¯
L
d¯
L
)
(
2
3
Aµ 0
0 −1
3
Aµ
)
e γµ
(
u
L
d
L
)
+(u¯
R
d¯
R
)
(
2
3
Aµ 0
0 −1
3
Aµ
)
e γµ
(
u
R
d
R
)


photon coupling (44)
12
Z coup.


+(u¯
L
d¯
L
)

 (
1
2 − 23 sin2 θW )Zµ 0
0 (−12 + 13 sin2 θW )Zµ

 esin θ
W
cos θ
W
γµ
(
u
L
d
L
)
+(u¯
R
d¯
R
)

 (−
2
3 sin
2 θ
W
)Zµ 0
0 (13 sin
2 θ
W
)Zµ

 esin θ
W
cos θ
W
γµ
(
u
R
d
R
)
(45)
where the parameters g, g′, θ
W
are chosen such that:
g sin θ
W
= g′ cos θ
W
= e (46)
One finds (by construction!) that the Aµ field has the same couplings to the two helicity states
of a given fermion, therefore it couples vectorially: we interpret this field as the photon which
couples to the quarks with charges eu =
2
3
and ed = −13 . The other neutral field Zµ, on the
other hand, has both vector and axial-vector couplings to the fermion. The above equation
can be written extremely simply as
L = e ∑
q=u,d
eq q¯ 6A q + e
sin θ
W
cos θ
W
∑
q=u,d
q¯ 6Z (aq + bqγ5)q (47)
with
aq =
t3
2
− eq sin2 θW , bq =
t3
2
. (48)
A similar derivation can be carried out for the leptonic sector. These couplings are in agree-
ment with those of the physical Z boson once the Weinberg angle θ
W
(in fact introduced by
Glashow!) is taken from experiment to be
sin2 θ
W
∼ .2322 . (49)
Considering what has been achieved until now, one finds that the model based on the SU(2)L⊗
U(1)Y symmetry contains four gauge bosons: two charged ones with (V − A) couplings to
fermions and two neutral ones with couplings such that these bosons can be interpreted as
the photon and the Z boson. The “only” difference with the real world is that in the present
state of development of the model the gauge bosons are massless, because of the assumed
exact gauge invariance and the fermions are also massless because of the left-right asymmetry
of the gauge group. Counting the bosonic degrees of freedom of the model one realizes that
three degrees of freedom are “missing”, associated to the longitudinal polarisation states of
the heavy vector bosons as summarized in the table.
Model Real World
degrees of freedom degrees of freedom
transverse longitudinal
W− 2 0
W+ 2 0
Z 2 0
γ 2 0
transverse longitudinal
W− 2 1
W+ 2 1
Z 2 1
γ 2 0
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In order to complete the model one should therefore introduce at least three new fields in
the lagrangian. This will be done through a multiplet of scalar fields and it will be seen that,
by the mechanism of spontaneous symmetry breaking of local gauge invariance, some of the
scalar fields become the longitudinal polarization states and correlatively the vector bosons
acquire a mass. The following argument may help understand the connection between a scalar
field and a longitudinal polarisation state. Consider for example, the qq¯Z vertex for a boson
in a longitudinal state of momentum q. It has the form
g [u¯γµ(a+ bγ5)u] ǫ
µ
L
(q) ∼ g [u¯γµ(a+ bγ5)u]
qµ
M
Z
|qµ| ≫M
Z
(50)
This can be also interpreted, at asymptotic energies, as the derivative coupling of a scalar
field ω with the fermionic current since, in momentum space, the derivative brings down a qµ
factor
gω [u¯γµ(a+ bγ5)u] ∂
µω ; gω [u¯γµ(a+ bγ5)u] q
µω. (51)
where the coupling gω necessarily has the dimension of the inverse of a mass. In the asymptotic
limit a longitudinal boson couples to the fermions like a scalar with coupling gω ∼ g/MZ .
4 Spontaneous symmetry breaking
We proceed in steps and discuss, first, the case of a global symmetry and state the Golstone
theorem. It is then applied specifically to the electro-weak model. Finally we make the
symmetry local which leads us to the famous Brout-Englert-Higgs-Kibble mechanism.
4.1 Global symmetry breaking
Consider the very simple case of a complex scalar field
ϕ =
1√
2
(ϕ1 + iϕ2) (52)
which has two degrees of freedom ϕ1(x), ϕ2(x). The lagrangian is invariant under the global
phase transformation ϕ(x)→ eiαϕ(x) (α is constant) where
L = ∂µϕ∗∂µφ− V (ϕ) with the potential V (ϕ) = −µ2|ϕ|2 + h|ϕ|4. (53)
We assume µ2 is negative so that the potential takes the well-known “Mexican hat” or “cul-
de-bouteille” shape (depending on your cultural background!). The hamiltonian is
H = π ∂0 ϕ− L, with π = δL
δ∂0ϕ
= ∂0ϕ
∗
= ∂0ϕ
∗∂0ϕ+ |~∇ϕ|2︸ ︷︷ ︸
Hkinetic
+ V (ϕ). (54)
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The (positive) kinetic part vanishes for static configurations and the full hamiltonian is mini-
mal for constant values of the field given by
|ϕ0| = v√
2
=
µ√
2h
(55)
which defines the so-called vacuum expectation value v of the field ϕ in terms of the parameters
of the lagrangian. Indeed, the quantum theory should be constructed from the lowest energy
classical state which, in this case, is characterised by having its norm constrained by the
above equation: such a state is called the classical vacuum. One immediately notices that the
vacuum is degenerate since the application of a gauge transformation (phase change) does not
affect the norm of the state. However to construct the quantum theory one needs to choose a
particular vacuum, by imposing, for example, the classical vacuum field to be real i.e.
ϕ0 =
v√
2
(56)
This obviously amounts to breaking the symmetry of the vacuum since ϕ0 is no more invariant
under a gauge transformation, but the dynamical laws are still unbroken because they are
given by the gauge invariant lagrangian eq. (53). This is the basis of “spontaneous symmetry
breaking” in contradistinction to “explicit symmetry breaking” where the lagrangian itself
would loose gauge invariance. To study the theory, we translate the original field by its
vacuum expectation value
ϕ =
1√
2
(v + ϕ1(x) + iϕ2(x)) (57)
and, neglecting constant terms, the lagrangian becomes
L = 1
2
(∂µϕ1)
2 +
1
2
(∂µϕ2)
2 − hv2ϕ21
+ hvϕ1(ϕ
2
1 + ϕ
2
2) +
h
4
(ϕ21 + ϕ
2
2)
2 (58)
After spontaneous symmetry breaking, we are left with a model of two interacting real fields
ϕ1 and ϕ2. The free theory is given by the first line of the equation above which shows that
ϕ2 is massless while ϕ1 has a mass mϕ1 =
√
2hv2. The interaction part is all contained in the
second line of eq. (58) and there are cubic and quartic interactions between ϕ1 and ϕ2. Since,
the initial lagrangian contained only two parameters, there are necessarily relations between
the three parameters mϕ1 , the cubic coupling g3 and the quartic coupling g4 e.g.
g
3
= 2m2ϕ1 g4. (59)
These features are a simple illustration of very general properties of spontaneous breaking of
larger (non-abelian) group symmetry. In particular one can state the Goldstone theorem:
When a global symmetry is spontaneously broken there appear as
many massless scalar modes (called the Goldstone bosons) as there
are broken degrees of symmetry.
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A proof of this theorem is now sketched. Consider a collection of n scalar fields ϕi, i = 1, · · · , n
written as a column vector so that
ϕ
T
= (ϕ
1
, · · · , ϕn) (60)
The lagrangian density is formally written as
L = L(ϕ, ∂µϕ)kin − V (ϕ). (61)
The vacuum of the model is defined by the conditions
δV
δϕi
= 0, ; vacuum: ϕ0
T
= (ϕ0
1
, · · · , ϕ0n) (62)
One perturbs around the vacuum state
ϕ = ϕ0 + ϕ′, i.e. ϕi = ϕ
0
i + ϕ
′
i (63)
so that the lagrangian (neglecting constant terms) is re-written
L = L(ϕ′, ∂µϕ′)kin − 1
2
∑
ij
δV
δϕiδϕj
ϕ′iϕ
′
j ⊕ (ϕ′3) ⊕ (ϕ′4) (64)
where it is not necessary for our present purposes to specify the cubic nor the quartic couplings.
By construction, there are no terms linear in the fields because we are expanding around the
minimum of the potential. The quantity of interest is the quadratic term which defines the
mass matrix
m2ij =
δV
δϕiδϕj
. (65)
Consider now the action of an infinitesimal global gauge transformation. Its action on the
fields is
δϕ = i αJ T J ϕ, J = 1, · · · , N, (66)
where the T J are the N generators (n × n matrices) of the group and the αJ are the N
associated arbitrary parameters. If for some field configuration ϕ we have for a particular
generator T J ,
T Jϕ = 0, ; δϕ = iαJ T Jϕ = 0, (67)
then we say that the configuration ϕ is invariant under the sub-group generated by T J : the
corresponding symmetry is unbroken. If, on the contrary, T Jϕ 6= 0 the corresponding degree
of symmetry is said to be spontaneously broken. Let us suppose now that the vacuum satisfies
T Jϕ0 6= 0 for J = 1, · · · , N ′
T Jϕ0 = 0 for J = N
′ + 1, · · · , N, (68)
i.e. that the vacuum state breaks N ′ degrees of symmetry. The invariance of the lagrangian
under the gauge transformation
δϕi = i α
J T Jik ϕk (69)
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for arbitrary αJ yields δV
δϕi
δϕi ≡ 0. Taking the derivative of this relation it comes out
δ2V
δϕjδϕi
T Jilϕl +
δV
δϕi
δij = 0 ; m
2
jiT
J
il ϕ
0
l = 0. (70)
Since this relation is automatically satisfied for J = N ′ + 1, · · · , N one concludes that the
mass matrix must have N ′ vanishing eigenvalues. Thus, N ′ fields ϕ′i will be massless which
are the Golstone bosons associated to the N ′ degrees of broken symmetry (qed).
4.2 Application to the electro-weak gauge group
In this case, the generators of the symmetry group will be T J = (τ1, τ2, τ3, Y ), i.e. the
generators of the weak isospin group and of the hypercharge. We introduce the complex
scalar field, which is a doublet of SU(2) (t
Φ
= 1
2
),
Φ =
1√
2
(
ϕ
1
− i ϕ
2
ϕ
3
− i ϕ
4
)
(71)
and the standard scalar lagrangian
LS = ∂µΦ†∂µΦ− V (Φ), V (Φ) = −µ2Φ†Φ + h (Φ†Φ)2. (72)
We will define the physical vacuum by
Φ0 =
(
0
v√
2
)
with v2 =
µ2
h
(73)
such that, of course, δV/δΦ|Φ=Φ0 = 0. Since we require the electric charge to be conserved
after symmetry breaking, we have to enforce, following the previous reasoning, that the charge
generator acting on the vacuum state should vanish. Following the Gell-Mann/Nishijima
relation eq. (35) we need
Q Φ0 =
1
2
(τ3 + Y ) Φ0 =
(
1
2
+ y
2
0
0 −1
2
+ y
2
) (
0
v√
2
)
= 0 (74)
implying that the hypercharge of the scalar field must be y
Φ
= 1 to ensure charge conservation
in the broken theory. As in the abelian case, we can study the system around the classical
minimum and expand the scalar field around its vacuum expectation value v
Φ =
( −i√
2
(ω
1
(x)− iω
2
(x))
1√
2
(v +H(x)− iω
3
(x))
)
=
(
ω†(x)
1√
2
(v +H(x)− iω
3
(x))
)
, (75)
so that the scalar potential V (Φ) becomes
V (Φ) = hv2H2 + hv H(H2 + ~ω2) +
h
4
(H2 + ~ω2)2 (76)
showing that the triplet of ωi fields (one neutral and two charged fields) is massless while the
neutral H field acquires a mass
M
H
=
√
2hv2. (77)
All these fields are coupled together with a strength which can be read off the equation above.
17
4.3 Local symmetry breaking and the Brout-Englert-Higgs-Kibble
mechanism
Armed with this lengthy preliminaries we now go directly into the spontaneous breaking of
the local gauge symmetry SU(2)L ⊗ U(1)Y down to U(1)emg. Let us state the results before
diving into an ocean of technicalities. The case of a global symmetry has just been analysed
and led to the appearence of three massless (Goldstone) bosons and a massive one. When
the symmetry is made local these massless bosons turn out to be unphysical, in the sense
that they can be gotten rid off by a gauge transformation, but instead, three gauge bosons
(a neutral one and the two charged ones) become massive and therefore acquire longitudinal
polarisation states which are the Goldstone modes in disguise.
To implement symmetry breaking we first have to extend the electro-weak lagrangian eq.
(38) to include the scalar field contribution LS as well as the interaction of the new scalar
field with the fermions LY (where Y stands for Yukawa) so that the electro-weak lagrangian
is
L = LF + LG + LS + LY . (78)
4.3.1 The scalar lagrangian LS
We concentrate for the moment on LS which drives the spontaneous breaking of the local
electro-weak symmetry. No other fields such as fermions or gauge bosons can acquire vacuum
expectation values otherwise the physical vacuum would have some angular momentum or
other non-vanishing quantum numbers. The scalar lagrangian has the form
LS = |(∂µ − i g ~τ
2
· ~W µ − i 1
2
g′ Bµ)Φ|2 − V (Φ) (79)
where making the symmetry local amounts to replacing the ordinary derivative in eq. (72)
by the appropriate covariant derivative acting on a 2 field of a local SU(2) symmetry which
also has non-zero hypercharge (see eq. (39)). To analyse the effects of symmetry breaking we
substitute into this equation the vacuum expectation value Φ0 of Φ (eq. (73)) and also work
with the “physical” Aµ and Zµ fields of eq. (43) rather than with ~Wµ and Bµ. We have
LS|Φ=Φ0 = −
ie√
2 sin θ
W
(
0 W−µ
W+µ 0
)(
0
v√
2
)
−ie

 Aµ − cos2 θW −sin2 θW2 sin θW cos θW Zµ 0
0 − 1
2 sin θ
W
cos θ
W
Zµ

( 0
v√
2
)
2 − V (Φ0)
=
e2
4 sin2 θ
W
v2W+µ W
−µ +
e2
8 sin2 θ
W
cos2 θ
W
v2ZµZ
µ − V (Φ0) (80)
This equation tells us immediately that the charged bosons W± acquire the mass M2
W
=
e2
4 sin2 θ
W
v2, the Z boson a mass M2
Z
= e
2
4 sin2 θ
W
cos2 θ
W
v2, while the photon remains massless as
no quadratic term in Aµ appears in the lagrangian. Note the important relation
M
W
=M
Z
cos θ
W
(81)
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which is a prediction of the model once the boson couplings to fermions have been determined
from experiment. The vanishing of the photon mass is a consequence of the surviving exact
gauge symmetry U(1)emg. We have the relation v =
sin θ
W
M
W√
piα
between the vacuum expectation
value of the scalar field and the physical parameters and, plugging in numerical values, we find
v ∼ 250 GeV, which is the basis for the claim, made in the introduction, that the non-abelian
symmetry is broken at the scale of 250 GeV.
Turning now to the study of oscillations around the vacuum Φ0 we write the scalar Φ in
the form eq. (75). One immediately notices that the three fields ωi(x) can be gauged away
since we can always choose the parameters ~α(x) of a local gauge transformation such as
exp(−i~τ
2
~α(x)) Φ =
(
0
v+H(x)√
2
)
, (82)
showing that the fields ωi(x) can be removed from the lagrangian altogether and therefore are
not physical. This is consistent and, in fact, it must be so since the massive vector bosons
have now a mass and therefore an extra degree of (longitudinal) polarisation so that the total
number of degrees of freedom is not changed by the breaking of the symmetry. Of course,
explicit gauge invariance will be lost since a particular gauge (the so-called unitary gauge) has
been chosen. Parameterising the scalar field as in the right-hand side of eq. (82) (i.e. keeping
only the physical degrees of freedom) one immediately reads off from the lagrangian LS the
mass and couplings of the famed Higgs field H . From V (Φ) (see eq. (76) setting ~ω = 0) one
gets the mass
M
H
=
√
2h v (83)
and the triple and quadruple self-couplings respectively
h
3
∼ hv ∼ MH√
h
∼ eM
2
H
M
W
, and h
4
∼ h ∼ e2M
2
H
M2
W
. (84)
while from the kinetic part of LS come out the couplings of the Higgs particle to the gauge
bosons. To derive them it is enough to make the substitution v → v +H in eq. (80) and one
obtains
− the triple coupling (Higgs-W+-W−) = e2
2 sin2 θ
W
v = e
sin θ
W
M
W
− the quadruple coupling (Higgs-Higgs-W+-W−) = e2
2 sin2 θ
W
.
The derivation of similar couplings to the Z boson is left as an exercise.
As discussed before, the existence of the massive gauge bosons leads to a bad behaviour
of the amplitudes at high energies because of the longitudinal polarisation states. It can
be explicitely verified that, at the tree level, those divergences are cancelled when keeping
all diagrams including those with the Higgs particle. At higher orders, loop diagrams may
involve the massive gauge boson propagator which is of the form
∆µν = i(gµν − q
µqν
M2
)/(q2 −M2) (85)
which does not converge to 0 when qµ → ∞ because of the qµqν/M2 term: this leads to an
apparently non-renormalisable theory. As explained in detail for the abelian case in Piguet’s
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lectures [8], the way out is not to work in the unitary gauge which keeps only physical degrees
of freedom, but rather to work in a “renormalisable” gauge (for example, in the ’t Hooft
gauge) where the Golstone modes ~ω are explicitely kept in the calculation. It can be proven
(equivalence theorem) that these modes are related to the longitudinal polarisation states of
the gauge bosons.
4.3.2 The Yukawa lagrangian LY and fermion masses and couplings
The scalar field Φ can couple to fermions. The requirement for such couplings to exist is that
the corresponding terms in the Lagrangian be invariant under a SU(2)L×U(1)Y transforma-
tion (before the spontaneous breaking of this symmetry is implemented of course!). Let us
recall that ψeL and ψqL of eq. (25) and Φ of eq. (71) are 2 under SU(2) i.e. they transform
as
δψ = i
~τ
2
~α ψ, · · · , δψ¯ = −i ψ¯ ~τ
2
~α, · · · (86)
so that ψ¯eLΦ, ψ¯qLΦ are invariant under a SU(2)L transformation. One easily shows that the
combination iτ
2
Φ∗ is also a 2 and consequently the quantites ψ¯eL(iτ2Φ
∗) and ψ¯qL(iτ2Φ
∗) are
also invariant. Considering now the transformation properties under U(1)Y it turns out that
the terms ψ¯eLΦ eR, ψ¯qLΦ dR, ψ¯qL(iτ2Φ
∗) u
R
are all invariant: this is easily seen using the
fermion hypercharge assignements given in table (37) and the fact that y
Φ
= −y
Φ
∗ = 1 (eq.
(74)). We do not include a term with ν
R
as we assume the right-handed neutrino does not
couple to the physical world in agreement with experiment. The Yukawa lagrangian then
takes the form
LY = cd ψ¯q
L
Φd
R
+ cu ψ¯q
L
(iτ
2
Φ∗)u
R
+ ce ψ¯eLΦeR + h.c. + other families, (87)
where we have explicitely written out the terms involving the first family of fermions (ν, e; u, d).
Six other parameters should be similarly introduced for the couplings of the second and
third families so that nine new parameters appear in the model. Implementing spontaneous
symmetry breaking, in the unitary gauge, i.e. substituting in LY the expression of Φ as given
in the right-hand side of eq. (82), we derive
LY = cd v +H√
2
d¯d + cu
v +H√
2
u¯u + ce
v +H√
2
e¯e + other families. (88)
From this expression we relate the mass of a fermion f to the vacuum expectation value v via
Mf = cf
v√
2
. (89)
This is not a prediction of the theory since the parameters cf are unknown and will be adjusted
so as to obtain the “physical” mass of the corresponding fermion. Furthermore, no relation is
expected between the masses of partners of a given family since one parameter is introduced
for each of the fermion type in a family. One may remark that the only “prediction” is that
the neutrino remains massless as a consequence of the absence a right-handed neutrino. On
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the other hand the Higgs couplings to the fermions are predicted, if the fermion masses are
known,
gf =
cf√
2
=
e
2 sin θ
W
Mf
M
W
, (90)
where eq. (89) and the relation after eq. (80) have been used: the Higgs particle couples to
a fermion flavour in proportion to its mass, implying that the top quark could play a major
role in the production and/or decay of the Higgs particle (Mt ∼ 175 GeV) while the electron
contribution can be safely neglected (Me = .511 10
−3 GeV). As an application we consider
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Figure 2: Higgs production mechanism at hadron-hadron colliders. The dominant contribution
arises from a top quark loop.
Higgs production in proton-proton colliders such as LHC (at a center of mass energy
√
s = 14
TeV). For a Higgs mass below about 500 GeV the dominant process is gluon-gluon fusion
where the effective Higgs coupling to the gluon-gluon system is via a quark loop as indicated
in the figure. Because of the very large top mass the loop contribution is dominated by the
top quark. The possible direct tt¯ → H is of course suppressed since the density of (virtual)
t, t¯ in the proton is negligible.
4.4 Family mixing and the Kobayashi-Maskawa matrix
The above discussion has been considerably simplified since it completely ignored mixing be-
tween generations. However it turns out that the charged weak interactions are not diagonal
in flavour, or to put it more precisely, the flavour basis defined as the basis which diagonalises
the fermion mass matrix is not the natural one to study charged current interactions. Further-
more there is no reason for the absence in the Yukawa lagrangian of terms which mix families.
To study these features let us introduce a new basis of quark flavours e.g. (u′
Lj
) related to the
usual one (u
Lj
) by
u
Li
= S
u
L
ij u
′
Lj
, i, j = 1, 2, 3 (91)
where the indices i, j run over the number of families. This can be written in a matrix form
u
L
= SuLu′
L
and similarly for the right-handed up sector as well as the left-handed and right-
handed down sectors. As will be seen later the matrices SuL ,SuR , · · · are unitary. The quark
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content of the SU(2)L ⊗ U(1)Y lagrangian is written in general (see eq. (38))
LF =
∑
i
(u¯′
Li
d¯′
Li
) i 6D
L
(
u′
Lj
d′
Lj
)
+
∑
i
u¯′
Ri
i 6D
R
u′
Ri
+
∑
i
d¯′
Ri
i 6D
R
d′
Ri
, (92)
while the most general Yukawa lagrangian takes the form after symmetry breaking (see eqs.
(87),(88))
LY = v√
2
∑
ij
(u¯′
Li
cuiju
′
Rj
+ d¯′
Li
cdijd
′
Rj
+ h.c.)
=
v√
2
(u′
L
Cuu
′
R
+ u′
R
C†uu
′
L
+ d′
L
Cdd
′
R
+ d′
R
C
†
dd
′
L
) (93)
where the complex, 3 × 3, Cu,Cd matrices are the generalised Yukawa couplings. The most
general such matrices can be written as a product
Cu =Mu Tu, Cd =Md Td (94)
withMu a hermitian matrix (Mu =M
†
u) and Tu a unitary matrix (T
−1
u = T
†
u). The hermitian
matrix can be diagonalised by a unitary transformation,Mu = S
−1
u muSu wheremu is diagonal
with real eigenvalues, and similarly for the down sector. The Yukawa lagrangian reduces to
the very simple diagonal form
LY = u¯L mu uR + u¯R mu uL + d¯L md dR + d¯R md dL
= u¯ mu u + d¯ md d (95)
when written in terms of the physical basis related to the original one by
u
L
= Su u
′
L
, u
R
= Su Tu u
′
R
d
L
= Sd d
′
L
, d
R
= Sd Td d
′
R
. (96)
We remark that, as advertised before, the transformation from the primed basis to the un-
primed one is unitary since such are the S,T matrices. The components of u in which the
mass matrix is diagonal are, by definition, the “physical” quark fields (u, c, t) of definite mass
eigenstate (idem for the d sector). Having achieved a simple form for the Yukawa lagrangian
we re-write now the gauge part LF in terms of these physical fields. Singling out the neutral
current interactions we have
LF (neutral current) =
∑
i
(u¯′
Li
i 6D
L
u′
Li
+ u¯′
Ri
i 6D
R
u′
Ri
) + d′ sector, (97)
in which we keep only the diagonal (in SU(2)) part of the operator 6D
L
. Because of the
unitarity of the transformations within the left-handed bases and the right-handed bases the
above lagrangian immediately reduces itself to
LF (neutral current) = u¯L i 6DL uL + u¯R i 6DR uR
+ d¯
L
i 6D
L
d
L
+ u¯
R
i 6D
R
u
R
(98)
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This equation is the basis for the slogan that, in the Standard Model and in agreement with
experiments, there is “no flavour-changing neutral current”, in other words the neutral current
is diagonal in flavour space and does induce transition between the c quark and the u quark
or between the b quark and the d quark for example. The case of the charged current pieces
is more involved because it couples the up sector and the down sector which do not transform
with the same unitary matrices and, as a consequence, there is no reason for the charged
current interactions to be diagonal in the basis which diagonalises the mass matrix. Indeed
we have, from eqs. (92, 39)
LF (charged current) = g u¯′L γµ d′L W−µ + h.c.
= g u¯
L
γµ SuS
†
d dL W
−
µ + h.c. (99)
where the last equation is obtained from eq. (96). Obviously the matrix V = SuS
†
d is unitary
and it depends therefore on 32 real parameters. Since (2× 3− 1) parameters can be absorbed
in a redefinition of the phases of the six fermion fields (one overall phase cannot be gotten rid
of) there remain four independent parameters: these can be chosen as three real angles and a
phase and it is convenient to write in the approximate Wolfenstein parameterisation:
V =

 1− λ
2/2 λ Aλ3(ρ− iη)
−λ 1− λ2/2 Aλ2
Aλ3(1− ρ− iη) −Aλ2 1

 . (100)
This is the famous Kobayashi-Maskawa (KM) matrix which generalises to three families the
Cabibbo angle, sin θ
C
= λ ∼ .22 introduced long ago to deal with the mixing of two fam-
ilies. This matrix shows that the charged current transition, for example, of a d quark to
u, c, t quarks takes place with amplitudes which are proportional to (1− λ2/2), λ, Aλ3(ρ− iη)
respectively. The calculation of processes which are used by experimentalists to measure ac-
curately the various parameters of the KM matrix and to check its unitarity (relations such
as V ∗udVub + V
∗
cdVcb + V
∗
tdVtb = 0 where the Vij are the KM matrix elements) is a very active
area of particle physics phenomenology at present. The phase factor η is responsible for CP
violation in the Standard Model. The measurement of this CP violating parameter, in kaon
and B meson systems, for example, is of great theoretical interest in order to understand the
origin of CP violation and of great practical importance since it may be related to the origin
of the baryon asymmetry in the universe.
The absence of a KM mixing matrix for the leptonic sector requires a comment. We
assume (and it is supported by experiments) that the right-handed neutrinos decouple from
the observed world. As a consequence, as mentioned above, the neutrinos νe, νµ, ντ remain
massless even after spontaneous symmetry breaking and there is no mass matrix where the
“physical” neutrino states can be defined. When studying the weak-current transition from
charged leptons to neutrinos we can introduce a matrix Vν similar to the KM matrix of eq.
(100) for the quark sector. We are free now to define the physical neutrino states by
V†ν ν =

 νeνµ
ντ


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i.e. to define the physical states as those for which the charged weak current is diagonal in
lepton flavour.
5 Conclusions
Putting all together, the lagrangian which contains the dynamics of particle physics, as de-
scribed by the Standard Model, is decomposed into
L = LQCD + LG + LF + LS + LY
where each piece has been previously defined. If one attempts to count the number of param-
eters introduced we arrive at:
− SU(3) (QCD) gauge invariance: 1 coupling
− SU(2)⊗ U(1) gauge invariance: 2 couplings + the Weinberg angle θ
W
− spontaneous symmetry breaking from LS: 2 parameters
− Yukawa couplings in LY : 9 couplings + 4 KM parameters,
so one already has, at least, 19 parameters which is not a satisfactory situation for a minimal
model! This has prompted an intensive continuing search for higher hidden symmetries such
as supersymmetry, for example, and (a) Minimal Supersymmetry Standard Model(s) have
(has) been constructed [9], [10]. The very unfortunate situation is that in such models the
number of fields is more than doubled compared to the Standard Model as no supersymmetric
multiplets can be filled with only known particles. Furthermore, while in principle supersym-
metry breaking can in turn trigger electroweak symmetry breaking, one does not know yet
how supersymmetry is dynamically broken. Thus one is lead to describe it in a effective way
which requires many more parameters than in the Standard Model. It seems that, at present,
the remedy is worse than the disease but there are still hopes ......
For references see e.g. [3, 4, 11, 12]
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